ABSTRACT: Pedigree information available for Angus (ANG), Devon (DEV), Hereford (HER), and Shorthorn (SHO) cattle in Brazil was analyzed to appraise the genetic diversity and population structure of these breeds. Pedigree records collected from the beginning of the 20th century until 2010 were used in the analyses. Over time, the number of herdbook registrations declined in HER after a peak in the 1970s, remained low in DEV and SHO, and increased steadily in ANG since the 1990s, such that it the latter is now the leading British cattle breed in Brazil. The average number of offspring registered per sire ranged from about 12 (SHO) to 20 (DEV) and the mean generation interval ranged from about 6.0 (HER and SHO) to 6.4 (ANG) years. In the reference population (calves born in 2009 and 2010, plus those born in 2008 for SHO) the mean equivalent number of generations known ranged from about 7 (SHO) to 9 (HER). In the 4 breeds studied, nearly all animals born over the last few years are inbred, even though the mean level of inbreeding in the reference population is below 4% in all breeds. The rate of inbreeding per generation, computed from the individual increase in inbreeding, ranged from about 0.2 (ANG) to 0.5% (DEV), with a corresponding effective population size of 245 and 92, respectively, which is above the recommended minimum critical threshold. The number of founders/ancestors contributing with 50% of the reference population gene pool was 211/26 for ANG, 41/14 for DEV, 164/25 for HER, and 79/10 for SHO, with effective number of founders/ancestors/ founder genomes of 470/68/36, 89/33/16, 289/59/30, and 200/28/18 for ANG, DEV, HER, and SHO, respectively. The genetic contribution of different countries to the gene pool of each breed indicated that, throughout the period studied, DEV genes originated predominantly from the United Kingdom, while for the other breeds there was a changing pattern over time. Until the 1970s Argentina was the major supplier of ANG, while HER and SHO genes were mostly from Uruguay, but since then the United States took the leading role as supplier of ANG, HER, and SHO genes to Brazil. Our results reveal a mild increase in inbreeding in all breeds studied, with effective population size estimates indicating that reasonable levels of genetic diversity have been maintained in all 4 breeds. Continuous monitoring of inbreeding trends and of parameters derived from probability of gene origin should be ensured to warrant the long-term maintenance of genetic diversity.
INTRODuCTION
Brazil is one the leading beef producing countries in the world (FAOSTAT, 2012) , and it is estimated that currently over 80% of its cattle are of Zebu type (Mariante et al., 2003) . British breeds of cattle have been used in crossbreeding programs in Brazil since the beginning of the 20th century, but their popularity has changed over the years, with an early interest in Shorthorn followed by an increased importance of Hereford, and in recent years the Angus has become prominent. Given the extreme diversity of environmental constraints in different regions in Brazil (Hermuche et al., 2013) , purebred British cattle are only able to cope with the milder climate found in southern Brazil, but British bulls, in particular Angus and Hereford, are extensively used in crossbreeding programs throughout the country, either by artificial insemination or in natural matings with Zebu-type females.
Purebred cattle of the Angus, Devon, Hereford, and Shorthorn breeds registered in Brazil trace their origins back to imported animals, and pedigree records have been kept for these breeds in Brazil since the late 19th century. Over the years, Brazil continued to import animals from these breeds, in an attempt to prevent the undesirable consequences of inbreeding and to capture some of the genetic progress made abroad.
The analyses of pedigree information for a breed can be used to monitor the evolution of its genetic diversity and population structure over time (Falconer and MacKay, 1996) , and parameters based on the probability of genetic origin from different founders (James, 1972; Lacy, 1989) and ancestors (Boichard et al., 1997) provide additional information, which can be used to examine population changes over a short period of time.
In our study, we analyzed all pedigree information available for the Angus, Devon, Hereford, and Shorthorn breeds in Brazil to assess how genetic diversity has evolved in each breed and identify the major factors contributing to its change over time.
MATeRIALS AND MeThODS

Animal Welfare
Animal welfare and use committee approval was not necessary for this study because data were obtained from preexisting databases.
Data
Pedigree information was obtained for purebred animals of the Angus (ANG), Devon (DeV), Hereford (heR), and Shorthorn (ShO) breeds with records tracing back to founder animals imported to Brazil, which were considered to be of "Pure Origin" (PO). Data were provided by the National Breeder's Association (Associação Nacional de Criadores -Herd Book Collares), which is responsible for keeping pedigree records for PO animals of European descent in Brazil.
For imported animals, the information on sire and dam plus any known ancestors up to the third generation were entered in the database, and pedigrees registered from then on, making the information for Brazilian-born calves progressively more complete. The first years of recorded information were 1901, 1909, 1905, and 1897 for the ANG, DEV, HER, and SHO, respectively, and records collected up to 2010 were considered in all breeds. For each animal the information available included the sire, dam, sex, date of birth, herd, and country of origin. Records were edited and validated regarding the consistency of information on pedigree, sex, date of birth, and repeated records.
Pedigree Analysis
The degree of pedigree completeness was assessed by calculating an equivalent number of complete generations known per animal (n i ), as in Carolino and Gama (2008) . Briefly, n i was obtained as n i = [(n s + n d )/2] +1, in which n s and n d correspond to the number of generations known for the sire and dam and assume a value of -1 if the corresponding parent is unknown. For founder animals, a value of 0 was assigned to n i .
Generation intervals were calculated for the 4 selection paths, that is, sires of sires, sires of dams, dams of sires, and dams of dams, and these were then averaged in a pooled generation interval.
The mean additive genetic relationship between pairs of animals and the individual coefficient of inbreeding (F i ) were obtained from the numerator relationship matrix (Van Vleck, 1993 ). An inbreeding level of 0 was assigned to individuals with 1 or both parents unknown. Based on the individual F i , the rate of inbreeding per year was estimated by the regression coefficient of F i on year of birth, obtained with the GLM procedure of SAS version 9.3 (SAS Inst. Inc., Cary, NC).
An estimate of the rate of inbreeding per generation was obtained in the reference population from the change in average inbreeding in the period between 2002 and 2009, as this corresponds to approximately 1 generation interval. In this case, the approximate rate of inbreeding per generation (ΔF g ) was calculated as Another estimate of the rate of inbreeding per generation was obtained from the individual rate of inbreeding (δF i ), which was computed as in Gutiérrez et al. (2009): ( )
in which F i is the coefficient of inbreeding of an individual and n i is its equivalent number of complete generations known. The δF i for animals in the reference popu-lation were averaged by breed to obtain a mean rate of inbreeding per generation (ΔF i ).
The 2 estimates of the rate of inbreeding per generation were used to estimate the effective population size (N e ), which was computed as in Falconer and MacKay (1996) :
in which ΔF corresponds to either ΔF g or ΔF i .
For the calculation of genetic contributions from founders, ancestors, and countries, a reference population intended to represent the current gene pool of a breed is often assumed. This reference population usually covers a short period of time to avoid the possibility of including both parents and their offspring, as this could bias the results (Boichard et al., 1997) . In our analyses, the reference population corresponded to the group of calves born in the years 2009 and 2010 for the ANG, DEV, and HER breeds. For the SHO breed, given the small number of animals registered in the last few years (162 calves born in 2009 and 2010), the reference population was expanded to also include calves born in 2008, but still no parent-offspring pairs were represented. The genetic contributions to the reference population of founder animals and ancestors were computed, as described by James (1972) and Boichard et al. (1997) . From these contributions, the effective number of founders (f e ) and ancestors (f a ) was calculated (Boichard et al., 1997) , and the effective number of founder genomes (f g ) was obtained as described by MacCluer et al. (1986) and Lacy (1989) . For the purpose of these calculations, founders were considered both the individuals in the pedigree with no parents known and the unknown parents of an animal with only 1 parent known ("phantom founders"; Gutiérrez and Goyache, 2005) . In these analyses, f e and f a corresponded to the number of founders and ancestors that would be expected to generate the same level of genetic diversity in the reference population if they all had the same contribution (Boichard et al., 1997) . The f g , on the other hand, accounts for the effects of unequal founder contributions, bottlenecks, and genetic drift and thus corresponds to the number of equally contributing founders that would result in the same genetic diversity in the reference population, taking into account the random loss of founder alleles (Lacy, 1989) . The ratios f e :f a and f e :f g were calculated for each breed, a higher value indicating a stronger bottleneck in the pedigrees.
In addition to the computation of probabilities of gene origin in the reference population as defined above, the effective numbers of founders and ancestors were calculated in a series of reference populations defined as groups of calves born in subsequent 10 yr intervals, to assess how genetic diversity has evolved in British cattle breeds after they were introduced in Brazil at the beginning of the 20th century.
In demographic analyses, the genetic contributions of founder herds are often computed (Gutiérrez and Goyache, 2005; Carolino and Gama, 2008) . In our case, more than the specific contributions of individual herds, the interest was to assess the genetic contribution that individuals from different countries have provided to the genetic pool of the breeds analyzed. Therefore, the country of origin of imported animals was considered in a manner similar to that usually used for founder herds. In these analyses, each founder was associated with its corresponding country of origin, and the genetic contribution of a given "founder country" was obtained by summing the genetic contributions to the reference population of the founders originating from that country. To assess how genetic contributions of different countries to the genetic pool of each breed have changed over time, reference populations were defined in intervals of 10 yr, as outlined above for the contributions of founders and ancestors.
All demographic and statistical analyses were performed within breed using the ENDOG version 4.8 software (Gutiérrez and Goyache, 2005) . This software computes individual inbreeding coefficients based on the algorithm proposed by Meuwissen and Luo (1992) , assigning a null coefficient of inbreeding to animals that do not have both parents known. In our data set the HER herdbook had missing pedigree information in a period of 3 yr and some imported animals had limited pedigree information registered. In these conditions, the assumption of a null inbreeding coefficient for animals with unknown parents could underestimate the coefficient of inbreeding, especially for animals born in more recent years. Van Raden (1992) proposed an alternative algorithm to compute inbreeding that incorporates genetic groups for animals with missing parents, assigning them the mean inbreeding coefficient of the corresponding generation. To investigate the influence that incomplete pedigrees in our data set may have had on the computation of inbreeding, the PEDIG software (Boichard, 2002) was used to compute inbreeding with the Van Raden algorithm, forming groups according to year of birth of calves with unknown parents.
ReSuLTS
Pedigree records used in the analyses included information on 175,179, 61,295, 245,942, and 37,751 calves registered for ANG, DEV, HER, and SHO, respectively (Table 1) . Even though the largest number of registered calves in the whole period studied was found in HER breed, the evolution of the various herdbook registrations differed considerably over time for the 4 breeds analyzed (Fig. 1 ). In the last few years, a noteworthy increment of registered calves has been observed in ANG followed by DEV and HER with similar numbers, while SHO has progressively reduced its census to an extremely small number of registered newborn calves.
The HER was the predominant British breed in Brazil up until the 1980s, but a steady decline was observed in herdbook registrations after the mid 1960s, when registrations reached a peak of about 6,500 calves per year ( Fig. 1) , while in 2009 the breed accounted for about 2,000 calves recorded. A sharp drop in HER registrations was observed in years 1971 through 1974, corresponding to a partial loss of herdbook records. When the herdbook returned to its normal activity, a steady decline in registrations was observed, confirming the continuous drop in the census of HER in Brazil. The ANG breed showed an opposite trend, with a sharp increase in registrations in the 1990s, reaching more than 7,000 calves registered in 2008. As a consequence, ANG is currently the largest British cattle breed in Brazil. Concerning the SHO, the number of annually registered calves never exceeded 1,000, but the census increased up to 1960 and declined thereafter reaching about 100 calves registered in 2009. The DEV has shown a steady but moderate increase in number of registrations since the early 1960s, with about 1,500 calves registered per year after 2000.
Overall, the number of sires registered in Brazil in the period studied averaged about 11,000 in ANG and HER and nearly 3,000 in DEV and SHO (Table 1 ). The average number of offspring per sire ranged from 12 to 20, depending on the breed considered, with the lowest values in SHO and the highest in DEV (Table 1) . The variability in number of offspring/sire was great, especially in ANG. In all breeds, the majority of the bulls sire less than 50 calves, especially in SHO. On the other hand, nearly 25% of the ANG bulls had more than 300 offspring registered, while the percentage of bulls in this category was about 7.5% for DEV and 9.5% for HER but only 1.5% for the SHO (results not shown). The average number of offspring per dam ranged from about 2.3 calves in SHO to 3.1 in DEV (Table 1) .
Pedigree completeness for the breeds analyzed was assessed by evaluating the proportion of ancestors known in different generations (results not shown). In the whole population, the DEV had the most complete pedigree information (84% of the calves had great-grandparents known) followed by ANG (73%) but pedigree information was less complete for HER (40%) and SHO (32%). More complete pedigrees were seen when only the reference population was considered, such that nearly all calves had parents known in all 4 breeds and at least 97% of the calves had registered grandparents (results not shown).
When the percentage of known ancestors per generation is considered for animals in the reference population, the lowest values of pedigree depth were observed in SHO, which looking back 10 generations reported only 11% of known ancestors in the reference population (results not shown). At the same number of generations back, the other breeds reported nearly 40% of the ancestors known. The mean number of complete generation equivalents known per breed was lowest for SHO and HER, with a mean of about 2.7 and 3.3, respectively, but was similar for the other 2 breeds, where animals had, on average, more than 5.7 complete generations known (Table 1) . Over time, the number of generation equivalents increased steadily, with a distinct pattern depending on the breed (Fig. 2) . As previously mentioned, pedigree records for HER were lost for calves born in years 1971 through 1974, which resulted in a nearly null number of generations known for animals born in this period. The situation improved after this loss, such that the HER had the highest mean number of generation equivalents known for animals born in 2010. For the ANG and DEV there was a gradual increase in pedigree information with year of birth, with a mean of nearly 8.5 generations known for animals born in 2010. The SHO had a more moderate increase in pedigree information over the years, showing about 1.5 generations less than the other breeds for calves born in 2010. Overall, the mean generation interval (Table 1) was nearly 6.4 yr in ANG and was shorter by about 0.4 yr in HER and SHO and by 0.14 yr in DEV. For the different selection paths, generally the dam-daughter path was the longest, except in DEV, where the dam-son path was longest. In most cases, differences among the various selection paths were not large, except for the SHO where son paths had generation intervals shorter than daughter paths by about 0.7 yr (results not shown).
Matings among full-and half-sibs were rare in all breeds, while the percentage of registered calves resulting from parent-offspring matings ranged from 0.9% in ANG to 2.4% in SHO (Table 1) .
The percentage of inbred animals in the whole population was about 20% in HER and SHO, 60% in ANG, and 74% in DEV, with an average inbreeding in inbred animals of about 4.9, 8.7, 2.3, and 3.8%, respectively (Table 1) . Although the percentage of inbred animals has increased over time in all breeds, this increase occurred mostly over the last 30 yr and nearly all animals born over the last few years are inbred in all the breeds studied (results not shown).
For the whole population, the mean inbreeding coefficient ranged from 1.16% in HER to 2.82% in DEV (Table 1) , while the average relatedness was about 2.4% in DEV but below 1% in all other breeds. The average inbreeding of registered calves has shown a very mild increase over time (Fig. 3) , with an annual rate of inbreeding that ranged from about 0.003%/year in ANG to about 0.054%/year in DEV (Table 1) . These moderate trends led to an average inbreeding for calves born in 2010 of about 1.5, 1.8, 3.1, and 4.0% for the ANG, SHO, HER, and DEV breeds, respectively.
To investigate the impact of missing pedigree information, an alternative estimate of the individual coefficient of inbreeding was obtained with the Van Raden algorithm as implemented by the PEDIG software (Boichard, 2002) , grouping calves with unknown parents by year of birth. The breed means for inbreeding obtained with this procedure (results not shown) were higher by a margin not exceeding 2% of the inbreeding means obtained when a null coefficient of inbreeding is assumed for animals with unknown parents. Given the negligibility of the differences, the original procedure to estimate inbreeding was followed in further analyses. The number of founders and ancestors represented in each population differed considerably among the 4 breeds studied (Table 1) , in part reflecting the differences in number of existing animals in each pedigree data set. However, the DEV had the lowest number of founders and ancestors, even though the SHO had the lowest number of registered animals.
The number of ancestors supplying 50% of the gene pool to the whole population was 34 for DEV, 76 for ANG, 142 for SHO, and 443 for HER (Table 1) . For each breed, the number of founders contributing with 50% of the gene pool was about 2 to 4 times that computed for the number of ancestors, but the ranking of breeds followed a similar pattern. These results indicate that HER has the broadest representation of founders and ancestors and that, in spite of its very small census, the SHO has been able to maintain a certain level of genetic diversity. Conversely, genetic erosion is probably taking place in both ANG and DEV breeds. The reference population was represented by about 12,700 animals in ANG, 2,400 in DEV, 3,800 in HER, and less than 300 in SHO (Table 2 ). In this reference population, the average inbreeding per breed ranged from 1.50% in ANG to 3.92% in DEV, while the percentage of inbred animals was nearly 85% in SHO and above 92% for the other breeds. The average relatedness by breed was below 1% in HER and SHO, about 1.3% in ANG, and about 3.4% in DEV. When the distribution of animals by different levels of inbreeding was considered (results not shown), the majority of the calves in the general population in all breeds showed a level of inbreeding below 6.25%, such that nearly 6% of the ANG and HER calves, 9% of the SHO, and 15% of the DEV had a coefficient of inbreeding above this level.
The ΔF i in the reference population ranged from about 0.20% in ANG to 0.54% in DEV and was close to 0.40% in the HER and SHO (Table 2) . Comparatively, ∆F g was very similar for the ANG but somewhat smaller for the other 3 breeds. The N e estimated from ΔF i ranged from 92 in DEV to 245 in ANG, with intermediate values in HER (N e = 129) and SHO (N e = 118). In comparison, when N e was computed from ∆F g , the estimate was very close to the above value in ANG, but it was about 30% larger in DEV and HER and about one-half in SHO (Table 2) .
Of the total number of founders that contributed to the gene pool of British cattle breeds in Brazil (Table 1) , about 47% are still represented in the reference populations for ANG and DEV breeds but only 16% for HER and SHO (Table 2 ). The representativeness of ancestors is much smaller, with about 22% of all ancestors still represented in the ANG reference population, 31% in DEV, and about 5% in HER and SHO. The cumulative contribution of founders to the gene pool of each breed (Fig. 4a) shows a distinct pattern among breeds: HER and ANG have a mild increase in founder contributions, indicating that there is not a predominant group of animals with a major influence on the breed; DEV has an opposite pattern, with the first 10 founders accounting for about 30% of the gene pool; SHO shows an intermediate trend. As a consequence of the different pattern of genetic contributions, the number of founders contributing with 50% of the gene pool was 41 for DEV, 79 for SHO, 164 for HER, and 211 for ANG (Table 2) . When compared to founders, fewer ancestors contributed to most of the genetic variation; for example, the 3 major ancestors contributed nearly 30% of the gene pool in DEV and SHO and 18% in HER and ANG, while the number of ancestors contributing with 50% of the gene pool was 10 for SHO, 14 for DEV, 25 for HER, and 26 for ANG (Table 2 ; Fig. 4b ).
The f a reflects the uneven contribution of ancestors to the genetic pool, and in this case the estimates were about 30 for DEV and SHO and 60 for ANG and HER ( Table 2 ). The ratio f e :f a was highest in ANG and SHO, indicating a stronger bottleneck in the pedigree and lowest in DEV. Average values for f g were about 17 in DEV and SHO and 32 in HER and ANG, indicating a lower retention of genetic diversity in the first 2 breeds. Over the years, the effective number of ancestors has shown a mild decline in DEV, SHO, and ANG, while the effective number of founders was relatively stable in DEV and SHO and showed some increase in ANG over the last 20 yr (Fig. 5) . A different pattern was observed in HER, where both the effective number of founders and ancestors has declined steadily since the late 1970s.
The analyses of contributions of different countries of origin of founder animals (Fig. 6) showed that, throughout the period studied, there is a clear predominance of DEV genes originating from the United Kingdom, with very minor contributions from other countries. For the other breeds the situation has been quite different, with important changes over time in the ranking of country contributions. In ANG, Argentina was the major supplier until the 1970s, while HER and SHO genes to Brazil were mostly from Uruguay. In these 3 breeds, genes from the United States became predominant from the 1970s up to the present.
DISCuSSION
The first cattle arrived in Brazil in the 16th century, brought by Portuguese and Spanish settlers, and gave origin to what are currently known as Creole, local, or naturalized breeds (Primo, 2004) . In the late 18th century, British cattle started spreading throughout the Americas (Martínez et al., 2012) , but their expansion in Brazil was only meaningful in the late 19th century and was mostly limited to the southern part of the country, where local pasture conditions and subtropical climate favored their adaptation (Cardellino, 2000; Elias, 2006) . The development of British cattle in Brazil was largely based on the ANG, DEV, HER, and SHO breeds, which have characteristics desired by producers, such as mediumframe body size and early maturing, both in terms of reproduction, growth, and finishing (Smith et al., 1976) .
The relative importance of British breeds in Brazil has evolved over the years, and their census numbers reflected those changes. In 2012, the number of herds registering animals in each herdbook in Brazil was 512 for ANG, 57 for DEV, 83 for HER, and 7 for SHO with, respectively, 9,029, 1,867, 1,726, and 93 purebred breeding animals enrolled in each herdbook in that year (ANC, 2012) . Nowadays, herdbook information includes records of both imported animals, with their respective country, and those born in Brazil. The analysis of population structure based on pedigree information has been applied to the genetic characterization of different cattle breeds in Brazil (Faria et al., 2010; Reis Filho et al., 2010; Oliveira et al., 2012; Santana et al., 2012) as well as in several other countries (see review by Carolino and Gama, 2008) and is now a common tool in managing genetic diversity in livestock species (FAO, 2013) .
Concerning the breeds of the present study, pedigree structure has been analyzed in other countries for some of them; for example, the HER and Red Angus were studied in the United States by Cleveland et al. (2005) and Márquez et al. (2010 ), respectively, while Mc Parland et al. (2007 studied the HER and Aberdeen Angus in Ireland. Nevertheless, to our knowledge, demographic information is very limited for the DEV and SHO breeds, but they show reduced numbers worldwide, even though they were among the most important cattle breeds at the beginning of the 20th century (Brassley, 2000) .
In our work, we analyzed pedigree information for the ANG, DEV, HER, and SHO breeds in Brazil, as they show a very distinct history in this country, reflecting the evolution of market trends over the years and the consequent decisions taken by farmers. The SHO had some popularity in the 1950s but in general it has been a breed of minor expression in Brazil, while the DEV was able to occupy a niche market, with a slow increase in the number of registered animals since the 1960s. The situation has been quite different for the HER and ANG, which have played a major role in crossbreeding programs in Brazil and have therefore expanded their census in the country, even though their relative importance was not the same throughout the period analyzed. The HER was by far the most popular British breed up until the mid 1980s, but from then on its census dropped steadily while the ANG gained popularity, becoming the major British breed in Brazil over the last decade. As a result of the accurate recording of genealogical information from the first imports, animals in the reference population had almost 9 complete generation equivalents known, with the exception of the SHO, which only had 7, possibly because the widespread use of crossbreeding caused a reduction in pedigree recording. In any case, the pedigree is deep enough to provide a comprehensive picture of the evolution of genetic diversity in the major British cattle breeds raised in Brazil.
For the breeds considered here, herdbooks are open to the access of registered animals imported to Brazil, in contrast to other reports considering herdbooks, which were essentially closed (Gutiérrez et al., 2003; Cleveland et al., 2005; Mc Parland et al., 2007; Carolino and Gama, 2008) . Hence, the integration of foreign animals in the herdbook over the years in our study is expected to increase genetic variability and diversify the origins represented. This was the case with most breeds, with the exception of DEV, which originated almost exclusively from the United Kingdom. For the other breeds, until the mid 1970s the ANG was essentially of Argentinian origin while the HER and SHO were mostly from Uruguay. In the late 1970s, the source of imported animals changed, with the United States becoming the major supplier of ANG, HER, and SHO genetics. This switch probably reflects the change from the import of live animals to be used in natural matings in the early years, which would be mostly from nearby countries, to the widespread use of artificial insemination in the mid 1970s and, to a lesser extent, embryo transfer that facilitated the direct import of semen and embryos from the United States.
The genetic contributions of the major founders and ancestors to the reference population showed 2 distinct patterns, that is, the DEV and SHO, with a more pronounced contribution of a few major ancestors when compared with ANG and HER. As a consequence of the unbalanced representation of ancestors, the estimated f a was nearly 30 for the DEV and SHO breeds, which is in line with estimates reported for endangered beef breeds such as the Grauvieh (Sölkner et al., 1998) and Sayaguesa (Gutiérrez et al., 2003) and even for some dairy breeds where high selection intensity is applied (Boichard et al., 1997; Sørensen et al., 2005) . For the ANG and HER breeds in our study, the f a was about 60, which is almost twice the estimates published for the same breeds in Ireland (Mc Parland et al., 2007) but is lower than the estimated f a for Limousine and Charolais cattle in different European countries (Bouquet et al., 2011) . Still, the estimated f a was fairly high in all the breeds included in our study.
Statistics such as the ratios between founders, ancestors, and founder genomes revealed the occurrence of pedigree bottlenecks in all breeds, which are confirmed by a ratio f e :f a > 1 (Sørensen et al., 2005) . This occurred in spite of the fact that herdbooks remained open to the access of imported animals and is a consequence of the small population size of DEV and SHO as well as of the extensive use of some popular sires in ANG and HER. Nearly all animals in the reference population had some degree of inbreeding in all 4 breeds, probably as a consequence of the strong pedigree depth, implying that at some point in the pedigree the ancestors might be related. Nevertheless, the overall level of inbreeding was moderate in all breeds, with means in the reference population below 4% in all breeds. These moderate levels of inbreeding are confirmed by the small number of animals in the reference population with levels of inbreeding exceeding 6.25% and by the reduced incidence of matings among close relatives in all breeds. The means for inbreeding in ANG and HER in our study are slightly higher than those reported for the same breeds in Ireland (Mc Parland et al., 2007) and for the Red Angus in the United States (Márquez et al., 2010) but much lower than the estimate of about 10% in American Hereford (Cleveland et al., 2005) . For the DEV, our estimate was close to the mean inbreeding of nearly 4.4% reported for the American Milking Devon by Splan and Sponenberg (2003) , while for SHO our results were lower than the estimate of 5.5% reported for the American Dairy Shorthorn (AIPL, 2013) . In Brazil, the low levels of inbreeding found in ANG and, to a lesser extent, in HER can be justified by some continuous influx of imported animals of diverse origins. The DEV was the breed with the highest level of inbreeding and mean relatedness in the reference population and it had the highest rate of inbreeding and the lowest f e among the breeds studied. This could be a result of the narrow recruitment of DEV overseas, mostly from the United Kingdom, where it is considered to be an endangered breed (DEFRA, 2013) . It is, therefore, reasonable to consider the DEV as the British breed undergoing the highest level of genetic erosion in Brazil, even though it is not the breed with the smallest census. One unexpected result in our study is the low mean inbreeding in SHO, as this is a breed with very small census, both in Brazil and in countries supplying SHO germplasm. However, Shorthorn associations in North America have allowed the registration of animals resulting from crossbreeding with, for example, Red Holstein or Swedish Red (ASA, 2013; CMSS, 2013) , which should maintain inbreeding at low levels in Brazil when semen from these animals is imported. As Brazilian SHO has been kept mostly free from the influence of other breeds, it could be an interesting source population for other countries where SHO is now experiencing genetic erosion.
The negative consequences of inbreeding in cattle are well known (Burrow, 1993) and minimizing the rate of inbreeding is often the major objective in conservation of within-breed genetic diversity (Hill, 2000; Caballero and Toro, 2002) . In this perspective, a maximum rate of inbreeding of 1% per generation, corresponding to a minimum effective population size of 50, has been recommended as an adequate target to maintain genetic diversity in conservation (Meuwissen and Woolliams, 1994; FAO, 2013) and selection programs (Goddard and Smith, 1990) , but higher thresholds have been in some cases recommended, as in cattle breeds where artificial insemination is common (Leroy et al., 2013) . Nevertheless, in all breeds included in our study the rate of inbreeding was below the critical threshold of 1% (FAO, 1998) and consequently N e was always above 50, indicating that a possible loss of genetic diversity is not presently a matter of concern in the breeds studied. Still, regardless of the method used for computation, the rate of inbreeding was higher in DEV, with estimates ranging from about 0.39 to 0.54% per generation. The N e , computed from the rate of inbreeding estimated according to different methods, ranged between 92 and 128 for the DEV, and the estimates were always above 100 for the remaining breeds, tending to be higher in ANG. Recently, Leroy et al. (2013) used different approaches to estimate N e in various dog, sheep, cattle, and horse breeds and concluded that the consistency of estimates depended on the species considered and the specific genetic structure of the population analyzed, especially when methods based on the evolution of coancestry or inbreeding were compared. In our case, N e was estimated from the rate of inbreeding per generation, either ΔF g or ΔF i , and the comparison is not straightforward, because the former only takes into account the mean level of inbreeding in 2 points in time while the latter considers the evolution of inbreeding throughout the period analyzed and should therefore be more reliable.
In conclusion, our estimates point to a mild increase in inbreeding in the 4 British breeds studied, with estimates of effective population size indicating that genetic diversity is being maintained at a reasonable level in all breeds, above the recommended minimal critical threshold (FAO, 1998) . Nevertheless, the genetic structure of the breeds analyzed is somewhat different. The ANG had a major increase in its census in the 1990s and is now the leading British breed in Brazil, with a continuous infusion of imported germplasm. This has led to low levels of inbreeding, in spite of some bottlenecks in pedigrees due to the heavy use of a few selected sires. The HER was the major British breed in Brazil until the 1980s, when ANG gained the leadership. Notwithstanding its lower census, the HER still has a high effective population size and a good representation of founders and ancestors, thus showing indications of good management of the population gene pool. The DEV has, for many years, maintained a small census, which has shown a very mild increase since the 1960s. Among the British breeds studied, DEV is the one with the highest rate of inbreeding, and the low effective number of founders and ancestors suggests that imported germplasm, which is exclusively of British origin, should be diversified to avoid bottlenecks in the population. The SHO is a breed with a rather small population size in Brazil, but inbreeding has been kept under control, possibly due to the common practice of importing crossbred animals. Overall, results of this study indicate that, so far, the continuous flow of imported genes has contributed to the maintenance of genetic variability in all breeds studied, but continuous monitoring of inbreeding trends and of parameters derived from probability of gene origin are of primary importance to ensure breed conservation and the long-term maintenance of genetic diversity.
